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ABSTRACT:
11B NMR chemical shifts of tricoordinated BX3 and tetracoordinated BX4- compounds
(X = H, CH3, F, Cl, Br, I, OH, SH, NH2, and CH=CH2) were computed and the shielding
tensors were explored not only within the nonrelativistic GIAO approach but also by applying
both relativistic ZORA computations including spin-orbit coupling as well as by employing
scalar nonrelativistic ZORA computations (BP86 level of density functional theory). The
contributions of the spin-orbit coupling to the overall shieldings are decisive for X = Br and I
in both series. No relationship was found between the 2p orbital occupancies or 1/∆E 
(difference between LUMO and suitably occupied MO that can be coupled with LUMO) with
the shielding tensors (or their principal values) in the BX3 series. However, a
multidimensional statistical approach known as factor analysis (frequently used in
chemometrics) revealed that three factors account for 92 % of the cumulative proportion of
total variance. The main components of the first factor are occupancies in the 2px and 2py
orbitals and 1/∆E, the second factor is  mainly the occupancy in the 2pz orbital and the
inductive substituent parameters by Taft and, finally, the third factor consists exclusively
(99.3 %) of the electrostatic potentials (Vmax), which is directly related to the so-called π-hole 
magnitudes.
■ INTRODUCTION 
Molecular and electronic structures of various types of cluster boranes and
heteroboranes (multicenter 3c2e bonding)1 have recently become the focus of many studies,
both experimental and theoretical.3,4 In particular, the so-called ab initio (or DFT)/IGLO (or
GIAO)/NMR approach has been repeatedly applied for such purpose.3,4 The proposed
structure of a cluster, usually on the basis of experimental 11B NMR spectra,5 is optimized at a
correlated ab inito level, or employing a DFT method. Resulting minima are subsequently
subject to magnetic properties calculations using IGLO- or GIAO-based methods in non-
relativistic or relativistic (e.g. ZORA) implementations.3,4 The degree of agreement between
the calculated and experimental δ(11B) serves as a criterion of the correctness of the cluster
geometry in solution. For some cases the necessity of employing dynamic electron correlation
in computing shielding tensor is obvious.6 Evidently, the shielding constant of an individual
boron nucleus within the cluster molecule is influenced by the interaction with the other boron
atoms that are present. There were attempts to assess substitution NMR effects in various
cluster compounds by means of regression analysis.7,8 However, the number of substituents
bonded to a boron atom within a cluster was quite limited and physical meanings of the
obtained constants from these linear regressions were more or less guessed. However, there
exists a greater variety of substituents that are bonded to a single boron atom, i.e. without
considering the influence of any other boron nuclei. Similar assessments as mentioned above
might provide a further insight into understanding of behaviour of 11B (and 10B) nuclei in a
magnetic field.9 The systematic study of BX3 and [BX4]- systems (described with classical
2c2e Lewis structures, see Figure 1 for the molecular diagrams) employing the above
mentioned model chemistries might further contribute to such an understanding. Since the
BX3 systems are richer in terms of variety of substituents bonded to B than in systems with
more boron atoms, a more sophisticated statistical approach can be applied for assessment of
NMR substitution effects.
A few 11B NMR examinations of halogenated boron atoms with such trigonal and
tetrahedral structural motifs with D3h and Td symmetries, respectively, have been already
carried out.10-12 The importance of the spin-orbit coupling,13-14 σSO, was recognised for X = Br,
I.10,11 This effect contributes to the overall shielding; in a non-relativistic framework the latter
is mainly rationalized as a sum of the diamagnetic, σd, and paramagnetic, σp,contributions, to
which spin-orbit contributions, σSO ,can be added in a corresponding relativistic treatment. In
the absence of strong spin-orbit effects it is the paramagnetic deshielding contribution that
accounts for most of the shielding changes. The classical Ramsey equation15-16 is a simplified
relation that attempts to interpret this paramagnetic term in an atom-in-a-molecule approach
as being dependent on the mean excitation energy (in other words the energy gap between
LUMO and suitable occupied MOs as described below), on the inverse cube roots of the mean
expectation values for the p and d orbital distances from the nucleus, and on the degree of
imbalance of valence electrons in the corresponding orbitals. It leads to the downfield shift
caused by the coupling of suitable occupied and unoccupied orbitals by the perturbation of the
applied magnetic field.17-19 In contrast, the diamagnetic shielding leads to an upfield shift and
is derived from just the ground-state charge distribution.
Apart from D3h-symmetrical boron trihalides, BX3, and Td-symmetrical
tetrahaloborates (X = F, Cl, Br, I),20 there exist further substituents that are able to coordinate
B in both series, resulting in symmetries different from D3h and Td. The experimental 11B
NMR chemical shifts in the corresponding pairs differ significantly, similarly as in the
halogen-containing BX3 /BX4- pairs:21 the B-atom in a tri-coordinated (BX3) system exhibits a
pronounced downfield shift with respect to upfield 11B signals for BX4-.
In order to expand 11B NMR structural studies in the series of compounds with one
boron atom only and with subsequent analyses of the computed shielding tensors, we carried
out 11B NMR shifts calculations for BX3 /BX4- pairs with a greater variety of X, i.e. for X = H,
CH3, F, Cl, Br, I, OH, SH, NH2, and CH=CH2. The fact that detailed analyses of the shielding
tensors are missing in refs.10 and 11 we included halogens in this study, too. We also refined
the geometries at a higher level (RMP2(fc)) than was done in most previous studies and took
scalar and spin-orbit relativistic effects into account. The sophisticated statistical method,
known as the factor analysis, was applied for assessing NMR substitution effects, since this
approach frequently used in chemometrics is mainly intended for giving physical meaning of
the factors obtained.
■ RESULTS AND DISCUSSION 
At first, the geometries were optimized at the RMP2(fc)/6-31+G** level of theory
within the given symmetry restrictions, see Fig.1.
BX3.The molecular geometries of BX3 can be compared with gas-phase experimental internal
coordinates (Table 1), where available. In general there is a very good agreement between the
computed B-X distances and those determined in the gas phase.
These systems have three electron pairs in the valence shell of the B atom, and in light of the
valence-shell electron pair repulsion (VSEPR22) approach trihalogenated boron arrangements
are planar. Most BX3 structures of this study are strictly planar possessing D3h or C3h
symmetry, except for X = NH2 and CH=CH2, which adopt Cs and C3 symmetric structures,
respectively. Even in these cases, where a plane of symmetry through the BX3 moiety is
absent, the B atoms are essentially planar (the angle sums at B are very close to 360°). An
interesting feature was found in the electron-diffraction study of B(CH=CH2)3;23 the slight
elongation of the C=C bond length in the electron-diffraction structure, 1.370(6) Å , (cf.
1.353 Å at the RMP2(fc)//6-31+G** level) with respect to a standard C=C double bond was
asribed to p()-donation between the C=C double bond and the vacant 2pz orbital on the B
atom.
Computed 11B chemical shifts are collected in Table 3 and are compared to previous
theoretical and experimental data from the literature. It is clearly seen that 11B nucleus in
almost all BX3 compounds resonates at higher frequencies (i.e. is more shielded than in BH3),
X=I represents the most notable exception, mainly due to large contribution of the SO
coupling to the shielding of BI3. The most deshielded 11B resonance is found for X = CH3,
which is in accord with the very large anisotropy of 11B. The latter is comparable with that in
BH3, which is computed to be the largest one in the whole series. The nonrelativistic GIAO-
anisotropy values (without considering SO coupling) increases in the order of OH ‹ F ‹ NH2 ‹
Cl ‹ Br CH=CH2 ‹ I ‹ SH ‹ CH3 ‹ H (Table 3), which roughly corresponds to the opposite
trend of the p(π)- donation abilities of X.24,25 When X does not possess a free electron pair, the
2pz orbital on B remains unoccupied, which results in deshielding of this atom and,
consequently, a large shift to high frequency is observed. This is particularly true for X = H,
CH3. BH3 has a very low-lying LUMO orbital (0.056a.u. at HF/II, II stands for a Huzinaga-
type basis set developed for NMR computations, for further applications see ref. 2a,b ), which
is responsible for the strongly deshielding contributions from the BH bonds. Replacement of
H with CH3 changes this situation very little. The deshielding by a BF bond in BF3, for
example, is roughly six times smaller than that of a BH bond in BH3. Furthermore, the
occupancy in the 2pz orbital of the B atom for B(NH2)3 is 0.491 as found in terms of the NBO
analysis, which is the highest value in this series.26 The 2pz occupancies of the other BX3
systems are collected in Table 4. The Cs structure of B(NH2)3 (a true minimum on the
corresponding PES, the D3h structure is a saddle point of the first order) revealed geometrical
consequences of the p(π)-back donation in terms of two different BN bond lengths. By going 
to the hypothetical D3h structure of this compound (with all H atoms out of plane, NIMAG = 2
at MP2/6-31+G*), this p(z)-p(π) interaction is all but shut off (the 2pz occupancy amounts to
just 0.069 from weak hyperconjugation of the NH bonds). As a consequence, the calculated
δ(11B) value is 47.3 ppm; the p(z)-p(π) interaction in the Cs minimum thus produces a
shielding of the 11B resonance of more than 20 ppm.
B(OH)3 and B(SH)3 behave in the same manner (for the C3v structures with out-of-
plane H atoms NIMAG = 3) but due to two lone electron pairs on oxygen and sulphur p(π)-
donation remains virtually unchanged in the various stationary points, with little influence on
the δ(11B) values.
Interestingly, 11B in a hypothetical B(CN)3 resonates at 27.1 ppm (GIAO-
MP2/II//MP2/6-31+G**), which is a value very similar to that found for 11B in B(NH2)3, even
though the cyano group is usually regarded to be electron acceptor in contrast to the electron-
donating ability of NH2. Apparently there is enough -donation from the cyano groups to
inrease the 11B shielding from that in the truly electron-deficient BH3. The boron atom in the
quite recently prepared B(CN)32- with nucleophilic abilities27 of this boron resonates at -45.3
ppm (in ND3, -51.9 ppm for GIAO-MP2/II//MP2/6-31+G**). This strong shielding is in part
due to the more negatively charged boron than in B(CN)3, but mostly because of the
unavailabiliy of low-lying unoccupied orbitals in the reduced form with its formal octet at
boron.
BX4-. The molecular geometrical parameters of BX4- are collected in Table 2. The additional
substituents in the OH, SH, NH2 and CH=CH2 groups lead to a reduction in symmetry from
Td to S4 (or to D2d, but the latter structures turned out to be higher in energy and were not
considered further). In the optimised minima, some noticeable deviations of the XBX bond
angles from the ideal tetrahedral angle were observed. These deviations were rationalised on
the basis of a detailed analysis of calculated electron density distributions by employing atom-
in-molecule approach.28 Fig. 2 clearly shows the asymmetry of the electron density
distribution, consistent with the so-called ligand-close packing model (LCP).29,30 The S4
geometries are in overall agreement with experimentally determined ones and were utilized in
NMR shift calculations. Computed and experimental δ(11B) data agree very well (see Table
3). We note in passing that for the systems with the lighter substituents the non-relativistic
MP2 method performs somewhat better than ZORA-SO-BP86 (which is very close to NREL-
BP86 in these cases), but for the heavier substituents, where spin-orbit coupling becomes
important, ZORA-SO-BP86 is clearly superior.The 11B anisotropies are zero by symmetry for
Td structures or almost zero for S4 minima. Because no low-lying virtual orbitals are present,
paramagnetic contributions31 are significantly reduced and the B atoms in BX4- resonate at
lower frequencies than those in BX3.32
Attempts were made to apply linear regression between the 11B shieldings in the BX3
series (either the isotropic averages σiso or individual principal components σii) and other
computed variables such as orbital occupancies or inverse energy differences 1/∆E between 
suitable occupied and unoccupied MOs (mostly HOMO and LUMO)33 and inductive
prameters σI by Taft.34 No simple correlations were found and, therefore, factor analysis 35,36
has been applied to a data matrix formed by 7 variables for all X (see Table 4). Basically,
these variables comprise the constituents of the Ramsey equation with the exception of the
Taft constants ,charges based on natural population analysis (NPA), and magnitude (Vmax) of
the so-called  π-hole37 on the respective boron atom (see Fig. 3).38-40 Vmax is defined as the
value of the most positive electrostatic potential of an electron density surface. This procedure
involves, in its last steps, a solution of a secular problem that consists of the diagonalization
of the correlation matrix (see Table 5) As a result, it turns out that three factors comprise 92
% of the cumulative proportion of the total variance (for the factor values in terms of the
original descriptors, see Table 6). The main components of the first factor (45 % proportion of
the total variance) are occupancies in the px and py orbitals and 1/∆E (inverse energy
difference between suitable occupied and unoccupied MOs), the second factor (26 %
proportion of the total variance ) is mainly the occupancy in the pz orbital and the inductive
substituent parameters by Taft and the third factor (21 % proportion of the total variance)
consists exclusively (99.3 %) of the maximum values of the electrostatic potentials (Vmax), i.e.
π-hole magnitudes.  When both shielding descriptors (i.e. σz  and (σxx + σyy)/2) were added to
the statistical computation, the newly obtained three factors predicted 94 % of the variance
and they were composed similarly as if 7 descriptors only were allowed to be statistically
treated. Note that although a nine-descriptor model accounts for in terms of five factors 98 %
of the cumulative proportion of the total variance, it is not physically correct since for the
axially symmetric BX3 systems the isotropic shielding is fully described by these two extra
descriptors (when having a large statistical set of data, they should describe 100 % of the total
variance).
Computational details
Molecular geometries were optimized with the given symmetry restrictions at the HF/6-
31+G** and RMP2(fc)/6-31+G** levels, using relativistically adjusted pseudopotentials on Br and I
along with corresponding valence basis sets of polarized double-zeta quality.41 Second derivative
analyses were carried out at the HF/6-31+G** level to verify the minimum character of the stationary
points. These computations were run with Gaussian 09.42 Electrostatic potentials were computed at
HF/ 6-31+G** level using Gaussian09 and Molekel4.343,44 programs.
Magnetic shieldings were calculated using the GIAO-MP2 method45-47 that are incorporated
into the Gaussian 09 suite of programs. The IGLO-II basis se48 was used throughout for S, B, C, N, F,
Cl, Br, I and H, respectively,
Additional NMR calculations were performed with the Amsterdam density functional (ADF)
code employing the BP86 functional.49,50 The two-component relativistic zeroth-order regular
approximation (ZORA) method51-53 including scalar and spin-orbit (SO)54 corrections was employed
for these computations. ADF scheme was also used without SO corrections with the same BP86
functional. 11B chemical shifts were calculated relative to B2H6 and converted to the usual BF3·OEt2
scale using the experimental δ(11B) value for B2H6 of 16.6 ppm.24 NMR chemical shifts are given in
Table 2. Statistical analyses were carried out with the R software55
■ CONCLUSIONS 
There is a very good accord between the computed and experimentally determined 11B
chemical shifts in monoboranes BX3 and BX4-. When X is a light element from the first and
second periods, spin-orbit contributions to the magnetic shieldings are small, and both GIAO-
MP2 and NREL/BP86 perform almost equally well. In contrast, for the heavier halogens, i. e.
for X = Br and in particular for X = I, spin-orbit contributions are dominant, and a
corresponding relativistic treatment is mandatory.
For the BX3 species with their essentially trigonal planar boron center, the highest nuclear
shielding component is the one perpendicular to the plane (σzz) , and the strongest deshielding
(σxx and σyy) is found along axes in the plane. This deshielding arises from magnetic couplings
between the occupied B-X bonding orbitals and the unoccupied p-orbital on B
The 11B shielding of the boron atoms in both BX3 and BX4- series depends on various
variables, which was proved for the trigonal compounds in terms of applying factor analysis
The overall shielding of 11B is the result of counteracting influences, which may affect
the individual tensor components differently, thus affecting the anisotropy. The δ(BX3) -
δ(BX4
-) difference nicely reflects the strength of p(π)-back donation abilities of X since other 
factors are largely kept constant. The most pronounced difference in the δ(11B) values is
found for BI3 and BI4-, which can be ascribed to the additive character of the spin-orbit
contributions from the B-I bonds. The BBr3 and BBr4- pair behaves similarly.
No simple correlations between computed shieldings and single descriptors could be
found, but factor analysis revealed that the variance in the shieldings can be well described by
a small group of descriptors, mainly consisting of the p-orbital occupations, energy
differences between suitable occupied and unoccupied orbitals, as well as inductive
substituent parameters and maximum values of the electrostatic potentials, i.e. magnitudes of
the π-holes. 
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a: H F (Cl, Br, I) OH (SH) NH2 CH3 CH=CH2
b: H F(Cl, Br, I) OH (SH) NH2 CH3 CH=CH2
Fig. 1 Molecular diagrams of a) BX3 and b) BX4- in the corresponding symmetries
B(OH)4 = 0.156, 2 = 0.646 B(NH2)4:  = 0.150, 2 = 0.338
B(CH=CH2)4:  = 0.152, 2 = 0.094 B(SH)4:  = 0.125, 2 = -0.212
Fig.2 RMP2/6-31+G** AIM results for S4-symmetrical BX4electron density () and its Laplacian
(2) are in a.u.
Fig. 3 The computed electrostatic potentials (ESP) on a 0.001 a.u. molecular surface of the selected
BX3 systems with the most striking ESP values, for their real values see Table 6. The colour range of
the ESP in a.u. Note that BH3 has more positive π-hole than BCl3
Table 1 Ab Initio Optimized B-X Bond Lenghts for BX3 Systems (in Å, X= H, F, Cl, Br, I,
C(sp3)-H3, N, O, S, C(sp2)H=CH2)
r(B-X)
Compound Symmetry RMP2(fc)//6-31+G** electron diffractiona
BH3 D3h 1.186
BF3 D3h 1.328 1.313(1)
BCl3 D3h 1.738 1.742(4)
BBr3 D3h 1.902 1.893(5)
BI3 D3h 2.135 2.118(5)
B(CH3)3 C3h 1.577 1.578(1)
B(NH2)3 Cs 2 1.436 + 1  1.439 1.432(2)b
B(OH)3 C3h 1.377 1.368(2)c
B(SH)3 C3h 1.806 1.805(2)d
B(CH=CH2)3c C3c 1.561 1.558(3)
aRef 4. bNHCH3. cOCH3. dSCH3.
Table 2 Salient Ab Initio Optimized (RMP2(fc)//6-31+G** Level) Structural Parameters or some BX4- Systems (X=X= H, F, Cl, Br, I, C(sp3)-H3,
N, O, S, C(sp2)H=CH2)
Compound Symmetry r(B-X)  XBX  XBX  (X-B-X...X)
BH4- Td 1.233 6  109.5 4  [2  120 + (2  -120)]
BF4- Td 1.423 6  109.5 4  [2  120 + (2  -120)]
BCl4- Td 1.857 6  109.5 4  [2  120 + (2  -120)]
BBr4- Td 2.030 6  109.5 4  [2  120 + (2  -120)]
BI4- Td 2.277 6  109.5 4  [2  120 + (2  -120)]
B(CH3)4- Td 1.647 6  109.5 4  [2  120 + (2  -120)]
B(NH2)4- a S4 1.560 2  104.2 4  112.2 4  [ 121.6 + ( 116.9)]
B(OH)4- b S4 1.490 2  115.4 4  106.6 4  [ 118.1 + ( 123.8)]
B(SH)4- c S4 1.928 2  102.9 4  112.9 4  [ 121.9 + ( 116.1)]
B(CH=CH2)4- d S4 1.621 2  106.6 4  110.9 4  [ 120.9 + ( 118.3)]
a,b,c,d The corresponding D2d forms are disfavored with respect to the S4 forms by 67.4, 32.4, 28,4 and 73.5 kcal.mol-1, resp.
Table 3 Computed overall 11B NMR chemical shiftsa, anisotropies, and σzz components of the shielding tensors
BX3
X
X H F Cl Br I CH3 CH=CH2 OH NH2 SH
NR-B3LYP/cc-
pVTZb
24.0 68.8 73.1 117.8
SSCSc 10.4 46.6 43.7 84.4 59.3 16.5 23.9 62.5
NR-MP2/IId,e 87.4 13.2 51.4 73.1 102.8 90.3 56.1 22.0 26.0 62.7
11B anisotropy ∆σ f 184.4 8.9 35.5 61.5 111.8 153.8 94.8 5.3 37.6 118.7
σzz 148.9 88.4 85.7 81.4 85.2 125.7 120.5 94.9 75.0 102.0
BP86/QZ4P g,h 94.5 7.3 48.2 68.7 95.6 89.4 47.1 16.3 18.9 57.7
ZORA-SO-
BP86/Q4Zg,i
94.6 7.2 43.4 37.9 -5.2 89.4 47.3 16.2 18.8 55.2
SO couplingg,i 0.4 0.9 5.5 32.6 105.8 0.5 0.3 0.6 0.5 3.2
Experimentalf 70.0 10.0 46.5 38.7 -7.9 86.2 56.4 18.8 24.6 61.6
[BX4]-
X
X H F Cl Br I CH3 CH=CH2 OH NH2 SH
NR-MP2/IId -46.9 1.0 13.5 15.6 25.0 -19.3 -12.8 3.4 0.4 4.5
11B anisotropy ∆σ f 0 0 0 0 0 0 0.1 7.4 5.6 12.0
σzz 160.3 112.4 99.9 90.8 88.5 132.7 126.3 114.9 105.5 92.9
BP86/QZ4Pg,h -40.0 -2.4 13.2 22.4 21.4 -30.0 -19.8 -1.9 -7.6 1.2
ZORA-SO-
BP86//QZ4Pg,i
-60.5 -3.6 5.7 -25.2 -136.1 -30.0 -19.7 -2.1 -7.7 -3.5
SO couplingg,i 0.4 1.2 8.5 51.2 168.8 0.5 0.4 0.8 0.6 5.7
Experimentalj -40.0 -1.6 6.7 -23.8 -127.5 -20.2 -16.1 1.1 0.2 6.3
aWith respect to BF3.OEt2. bRef. 11 (nonrelativistic GIAO level), cStatistical substituent chemical shift, see Ref. 12. dThis work at GIAO nonrelativistic level.
eGaussian 09. f Defined as ∆σ = σzz  - (σxx + σyy)/2 and reported as computed in this work. gADF, this work. hScalar relativistic level, this work i SO coupling
based on ZORA-SO/QZ4P. jRef. 21.
Table 4 Data matrix used in the factor analysisa
pz (px + py)/2 1/∆E NPA σI
(Taft)
r(B-X) Vmax
H 0.000 0.815 1.802 0.38 0.00 1.186 0.073
F 0.242 0.364 1.186 1.68 0.54 1.328 0.125
Cl 0.393 0.675 1.739 0.44 0.47 1.738 0.057
Br 0.420 0.754 2.012 0.10 0.47 1.902 0.052
I 0.466 0.846 2.433 -0.33 0.40 2.135 0.041
CH3 0.110 0.636 1.757 1.00 -0.01 1.577 0.046
CH=CH2 0.217 0.674 1.980 0.82 0.12b 1.561 0.019
OH 0.312 0.433 1.397 1.45 0.24 1.377 0.041
SH 0.473 0.787 1.730 0.06 0.27 1.806 0.013
NH2 0.533 0.450 1.613 1.07 0.17 1.437 -0.135
aFor the meaning of the descriptors see the text (orbital occupations and Taft parameters
dimensionless, ∆E in eV, distances in Å, Vmax in a.u.). bBenzene value
Table 5 Correlation matrix among the individual descriptors
pz (px + py)/2 1/∆E NPA σI (Taft) r(B-X) Vmax
pz 1 -0.03489489 0.1852445 -0.30375825 0.5575341 0.61805243 -0.5331977
(px +
py)/2 -0.03489489 1 0.8307477 -0.93411149 -0.1430914 0.57414978 0.12656124
1/∆E 0.18524447 0.83074771 1 -0.85364542 -0.0640016 0.73968121 -0.10812155
NPA -0.30375825 -0.93411149 -0.8536454 1 -0.1017752 -0.7516777 0.02681515
σI (Taft) 0.55753411 -0.14309142 -0.0640016 -0.1017752 1 0.44498695 0.32460697
r(B-X) 0.61805243 0.57414978 0.7396812 -0.7516777 0.4449869 1 -0.03737448
Vmax -0.5331977 0.12656124 -0.1081216 0.02681515 0.324607 -0.03737448 1
Table 6 The factor values for the original descriptors
Factor 1 Factor 2 Factor 3
pz 0.141 0.756 -0.613
(px + py)/2 0.981 -0.121 0.133
1/∆E 0.864 -0.114
NPA -0.98 -0.179
σI (Taft) 0.943 0.234
r(B-X) 0.665 0.568 -0.101
Vmax 0.993
Proportion variance 0.448 0.263 0.208
Cumulative variance 0.448 0.711 0.919
■ TOC Graphic 
